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Abstract
Halogen bond (X-bond) is a noncovalent interaction between a halogen atom and an
electron donor. It is often rationalized by a region of the positive electrostatic potential
on the halogen atom, so-called σ-hole. The X-bond strength increases with the atomic
number of the halogen involved, thus for heavier halogens, relativistic effects become of
concern. This complicates the quantum chemical description of X-bonded complexes
and impedes a detailed understanding of the nature of the attraction. To quantify
scalar relativistic effects (SREs) on the interaction energies and σ-hole properties, we
have performed highly accurate quantum chemical calculations at the complete basis
set limit of several X-bonded complexes and their halogenated monomers. The SREs
turned to be comparable in magnitude to the effect of basis set. The nonrelativistic
calculations typically underestimate the attraction by up to 5% or 23% for brominated
and iodinated complexes, respectively. SREs yield smaller, more flatten and more
positive σ-holes, although the differences to nonrelativistic values are small. Further
for X-bonds, we highlight the importance of diffuse functions in the basis sets and
provide support for using basis sets with pseudopotentials as an affordable alternative
to a more rigorous Douglas-Kroll-Hess relativistic theory.
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1 Introduction
Halogen bonds (X-bonds) are attractive interactions involving a halogen and a nucle-
ophile. They are of vivid interest for their great potential in drug and material design
and catalysis as reviewed recently.1–4 What makes the X-bond particularly appeal-
ing for the modern chemistry is its high directionality and a possibility to ‘tune’ its
strength, which can be achieved either by exchanging the halogen atom involved in the
interaction or by modifications in its chemical environment.5–7
The rigorous definition of X-bond is rather recent,8 despite the evidence of the
puzzling attraction between halogens and electron-rich species stretches back to the
19th century.9 A particularly successful rationalization of X-bonding was proposed by
Politzer and co-workers who identified a region of positive electrostatic potential (ESP)
located on top of the halogen atom.10 Later on, the region was called σ-hole11 and its
concept was expanded to other groups of the periodic table.12,13
Substantial work has been done on the theory of X-bonding,14 although an accurate
computational description of X-bonds is challenging. The computations deal with
all difficulties connected with an accurate description of noncovalent interactions in
general.15 Let us name the basis set superposition error (BSSE), necessity to use diffuse
atomic orbital (AO) basis functions, or the quality correlation effects treatment, should
the dispersion energy play an important role. Naturally, the higher accuracy is required,
the more computationally intensive the calculations are.
In addition to the aforementioned aspects, proper computational treatment of chem-
ical systems containing heavy elements needs to consider relativistic effects. These are
known to affect practically all atomic or molecular properties, and their importance
tends to grow with the atomic mass.16 In the case of large (typically nonsymmet-
ric) closed-shell systems, such as the ones studied in this work, relativity treatment
can be reduced to so-called scalar relativistic effects (SRE)s.17,18 This is a substantial
simplification as it allows us to neglect e. g. spin-orbit coupling and use a relativis-
tic one-component Hamiltonian (instead of four- or two-component) approach with
practically negligible overhead compared to nonrelativistic one.
In practice, two major routes to SREs treatment are pursued. Either it is the all-
electron approach utilizing one-component relativistic Hamiltonian, such as Douglas-
Kroll-Hess (DKH) formalism19,20 (finite or infinite order), or the pseudopotential ap-
proach, in which the explicit core-electron interaction is replaced by a parametrized
(often phenomenological) potential.21 Despite its simplicity, this less rigorous approxi-
mation was shown to perform surprisingly well for a wide range of atomic and molecular
properties and allows for even higher computational efficiency particularly at Hartree-
Fock or Density Functional Theory level.
If we decompose a noncovalent interaction into electrostatic, induction and disper-
sion forces, all of these contributions may be affected by SREs through dipole moments
and dipole polarizabilities.18 Among common halogens, this applies to bromine and io-
dine, which possess high polarizabilities.22 In fact, X-bonding may be dispersion-driven
as indicated by symmetry-adapted perturbation studies.23 Merely, it has been accepted
in the computational community that iodine SREs deserve special attention (in quan-
tum chemical literature most often approached by pseudopotentials), but there seems
to be a lack of systematic study with more quantitative conclusions, especially in the
context of noncovalent interactions. SREs may be important here because the X-bond
strength increases with the halogen atomic number and it is critical to capture this
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trend accurately in computations.
Hence in this work, we assess the impact of SREs on σ-hole properties of halo-
genated molecules and on interaction energies of their complexes. Understanding the
role of SREs in the σ-hole properties should bring a transferable knowledge useful for
applications regardless of the interacting partner of the halogen-containing molecules.
We focus on several molecules with one of two heavier halogens, bromine and iodine,
and their complexes.
2 Methods
2.1 Investigated Noncovalent Complexes and Basis Sets
The noncovalent complexes studied in this work, including their geometries, were taken
from the X40 data set of Rˇeza´cˇ et al.24 The X40 data set contains benchmark interac-
tion energies of noncovalent complexes, where halogen atoms participate in a variety
of interaction motifs. In the original work, the X40 geometries were optimized at
the counterpoise-corrected25 MP2/cc-pVTZ level, using pseudopotentials on halogen
atoms. Here in order to probe diverse types of X-bonds, we selected a sample of six
complexes from the X40, both aliphatic and aromatic (Figure 1). Four of them form
an X-bond with a lone electron pair:
• trifluorobromomethane· · ·formaldehyde (F3CBr· · ·OCH2)
• trifluoroiodomethane· · ·formaldehyde (F3CI· · ·OCH2)
• bromobenzene· · ·methanethiol (PheBr· · ·SHCH3)
• iodobenzene· · ·methanethiol (PheI· · ·SHCH3)
In the other two complexes, the X-bond directs towards a system of conjugated pi-
electrons:
• trifluorobromomethane· · ·benzene (F3CBr· · ·C6H6)
• trifluoroiodomethane· · ·benzene (F3CI· · ·C6H6)
The selection of basis sets26,27 suitable for this study was not straightforward. Ide-
ally, we would have tested a series of nonrelativistic basis sets (with increasing cardinal
number ζ) and a complementary series, suitable for the side-by-side assessment of rela-
tivistic effects (using relativistic Hamiltonian and/or pseudopotential). The desire for
a series of basis sets is motivated by our intent to carry out basis set extrapolation of
interaction energies towards the complete basis set (CBS) limit, as they are known to
converge rather slowly with the basis set size. Alternatively, we could choose explicitly
correlated methods, but the availability of suitable (non)relativistic basis sets is even
more limited.
The choice of basis sets for the bromine atom is somewhat wider than for iodine. For
both halogen types, nonrelativistic XZP28–30 (X=D, T, or Q, for double-ζ, triple-ζ and
quadruple-ζ, respectively) and AXZP,31–33 as well as relativistic contractions for DKH
Hamiltonian, XZP-DKH,34 are available. Nonrelativistic correlation-consistent basis
sets (aug-)cc-pVXZ35 and DKH-optimized relativistic basis sets (aug-)cc-pVXZ-DK36
are available for bromine only, but relativistic pseudopotentials (aug-)cc-pVXZ-PP37
exist for both halogens. Another universal alternative for relativistic calculations is the
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Figure 1: Geometries of the X-bonded complexes investigated. C gray, H white, F cyan, Br
orange, I purple, S yellow.
ANO-RCC38 basis set. Nonrelativistic ANO contractions were published as well, but
not for heavier halogens than chlorine, so they were not used in this study.
2.2 Interaction Energies
Energies of complexes and their interacting subsystems were calculated using the cou-
pled clusters method with iterative single- and double-excitations, corrected by per-
turbative inclusion of triple-excitations (CCSD(T)), wherever it was computationally
feasible. The calculations in AQZP and aug-cc-pVQZ basis set of all complexes except
for the smallest one – F3CBr· · ·OCH2, could only be carried out at the second-order
Møller-Plesset perturbation theory level (MP2), and the well-established focal-point
scheme39 was applied to obtain an estimate of the EQ(CCSD(T)) energies.
EX(CCSD(T)) = EX(MP2) + ∆EX−1(CCSD(T)) (1)
where ∆EX−1(CCSD(T)) is the difference of CCSD(T) and MP2 energies in basis set
with lower cardinality “X – 1”.
Energies at the CBS limit were estimated according to Halkier et al.40 using the
extrapolation formula
∆EX = ∆ECBS + k.X
−3 (2)
from triple- and quadruple-ζ basis sets, where X is 3 for triple- and 4 for quadruple-ζ
basis, and k is a fitting constant. Interaction energies were corrected for BSSE using
the counterpoise method.25
All calculations were carried out using NWChem 6.6 program package.41 The de-
fault threshold (of 10−5 a.u.) for the elimination of linearly dependent AO basis func-
tions had to be increased to achieve convergence of orbital optimization in some cases
(Table S1). The third-order DKH approximation with cross-product integral terms42
was used in all-electron relativistic calculations.
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2.3 Monomer Properties
To characterize the halogen σ-holes, electron densities and ESPs were analyzed at
various ab initio levels. The supermolecular geometries of the monomers F3CBr, F3CI,
PheBr, and PheI, as taken from the X40 data set, were used. The analyses rested on
the molecular surface defined as the isosurface of electron density of 0.001 e/bohr3,43
which is a common threshold used in the context of X-bonding.14
The principal halogen covalently bound to a molecule is not a perfect sphere,44 thus
its size cannot be described by a single radius. Here, we use two radii to characterize
the halogen size: i) the parallel radius r‖ is a distance from the halogen to the electron
density isosurface in the direction of C–X bond, ii) the perpendicular radius r⊥ is
equivalent distance, but in the direction perpendicular to the C–X bond. While the
r⊥ is uniquely defined for molecules with C∞ symmetry (e. g. dihalogens), it must be
explicitly specified in all other cases. Here for halogenbenzenes, we calculated r⊥ as
the arithmetic mean of two values: one r⊥ lying in the aromatic plane, and the other
perpendicular to it and to C–X bond at the same time. In the case of halomethanes, r⊥
was calculated as the average of r⊥ in the plane defined by X, carbon and one fluorine
atom, and r⊥ in the direction perpendicular to this plane.
The ratio of the two radii represents the relative polar flattening pirel (discussed in
detail in ref. 44). Here, it is expressed in percents as pirel = 100 · (1 − r‖r⊥ ). The pirel
describes how the halogen shape deviates from an ideal sphere.
The σ-hole magnitude mσ was calculated as the maximum of the ESP on the
molecular surface in the extension of the C–X bond, as detailed in ref. 45. All monomer
calculations were done with DPLOT and ESP modules of the NWChem package.41
Most of the analyses used NumPy46 and Matplotlib47 Python libraries.
3 Results and Discussion
3.1 Characteristics of the Halogenated Monomers
We describe how monomer characteristics vary with the SRE treatment, basis set type,
and size. Because a wider range of basis sets is available for bromine than for iodine,
we discuss the brominated monomers first, and later move to the iodinated ones.
Figure 2 shows the r‖, pirel, and mσ calculated for various basis sets and SRE
treatment for the F3CBr and PhBr. We assess the SREs on the monomer characteristics
using values calculated in the largest available basis set, i. e. the quadruple-ζ (QZ).
The qualitative conclusions that bromine on the F3CBr is smaller and more positive
than the bromine on PhBr are true regardless of the inclusion or exclusion of SREs.
Quantitatively on both monomers, the bromine appears smaller, more flatten and more
positive when the SREs are taken into account (Figure 2). The differences between
relativistic and nonrelativistic values are very small, however: about 0.01 A˚ for r‖, 0.2
per cent point for pirel, and 0.001 a.u. for mσ.
For the aug-cc-pVXZ and cc-pVXZ basis sets, a comparison of two relativistic
approaches – DKH and pseudopotentials – is possible. In all monomer characteristics
studied, the values are practically identical in the QZ basis set. Hence, it is beneficial
to use the pseudopotential approach due to its lower computational demands compared
to DKH, at least in one-electron approximations. A larger difference between DKH
and pseudopotential treatment is observed for a double-ζ (DZ) basis set, especially for
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Figure 2: The parallel halogen radius r‖, relative polar flattening pirel and σ-hole magnitude
mσ of F3CBr (left) and PhBr (right) calculated using various basis sets. Nonrelativistic
(gray) and relativistic calculations using DKH (red) and pseudopotential (blue) approaches
are compared, whenever possible.
pirel at the cc-pVDZ level. However, if we compare the DZ values with the reference
QZ values with DKH treatment, the DZ with pseudopotential performs better than
DZ-DKH, most likely due to a favorable compensation of errors.
The effect of basis-set size and basis-set type is often larger than the SREs but
has a little effect on qualitative conclusions about bromine’s r‖, pirel and mσ on the
two monomers. Interestingly, low variations of σ-hole magnitude were obtained for the
PhBr, which means that mσ of this system is less sensitive to basis set quality than
F3CBr.
For iodine, the nonrelativistic basis sets are less reasonable than for bromine due to
iodine’s higher mass. That is perhaps the reason why a narrower range of nonrelativistic
basis sets is available. The r‖, pirel and mσ for the iodinated monomers F3CI and PhI
are in Figure 3. A direct comparison between nonrelativistic and relativistic values
is only possible for the XZP series. Alike bromine, taking SREs into account for
iodine results in a smaller, more flatten and more positive atom compared to the
nonrelativistic calculations. These qualitative conclusions are independent on basis set
size. On the other hand, the values of the monomer characteristics often depend on
the basis-set size more than on the relativity treatment. For instance, for F3CI, the
mσ difference between QZP and TZP is about twice as large as the difference between
QZP and QZP-DKH (Figure 3).
Following the chemical intuition, the extent of SREs is larger for iodine than for
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Figure 3: The parallel radius r‖, relative polar flattening pirel and σ-hole magnitude mσ
of F3CI (left) and PhI (right) calculated using various basis sets. Nonrelativistic (gray)
and relativistic calculations using DKH (red) and pseudopotential (blue) approaches are
compared, whenever possible.
bromine for all three monomer characteristics. The differences between values with
and without SREs are roughly 0.03 A˚ of r‖, about 1 per cent point of pirel, and 0.004
a.u. of mσ (comparing QZP values).
Further, we investigate how much the iodine characteristics differ from the bromine
characteristics and how these differences vary with the basis set and SREs. In other
words, we want to know how SREs affect the relative comparison of the two halogens.
Figure 4 shows the ratios A(I)/A(Br)·100, where A stands for r‖, pirel, or mσ. Note
that we compare only those ab initio levels, which are available for iodine.
All calculations predict that iodine is larger than bromine (in a sense of r‖) no
matter what basis set or relativity treatment is used. The Dunning’s (aug-)cc-pVXZ
are remarkably consistent yielding iodine larger by 8% than bromine. The same results
are obtained for all ANO-RCC and QZ basis sets in general. There is a stronger
dependence of r‖ on the basis set size for XZP and AXZP series.
A notable qualitative effect of SREs is observed for the iodine/bromine ratio of
pirel. While the relativistic calculations conclude that iodine is more flattened than
bromine on both trifluoromethyl as well as phenyl moieties (pirel(I)/pirel(Br) > 1), the
nonrelativistic calculations predict the opposite. The effect of basis set is even larger:
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Figure 4: Ratios of the parallel radius r‖, relative polar flattening pirel and σ-hole mag-
nitude mσ of iodinated and brominated monomers. Nonrelativistic (gray) and relativistic
calculations using DKH (red) and pseudopotential (blue) approaches are compared, when
possible.
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Figure 5: The effect of basis-set type and size and of relativity treatment on interaction en-
ergies (∆E) of noncovalent complexes containing bromine. CP-corrected interaction energies
extrapolated towards the CBS limit in nonrelativistic (gray), DKH-Hamiltonian optimized
(red) and pseudopotential (blue) basis sets using frozen-core approximation are compared,
whenever possible.
TZP and ATZP incorrectly predict iodine being less flattened than bromine by more
than 25%. A more realistic results of DZP and ADZP are likely caused by the favorable
compensation of errors.
The σ-hole magnitude is consistently predicted larger (more positive) for iodine
compared to bromine, which goes in line with the notion in the X-bonding research
community. The exception is the nonrelativistic ATZP, which puts the two halogens
roughly on par and performs worse than the equivalent basis set of double-ζ size.
An important finding is that the pseudopotential calculations yield iodine/bromine
ratios of monomer characteristics similar to the DKH values of both XZP and ANO-
RCC series. This provides strong support for using pseudopotential calculations as a
less demanding alternative to DKH treatment of SREs on halogenated molecules.
3.2 Interaction energies
Interaction energy should reflect the properties of interacting monomers, particularly if
electrostatic energy is non-negligible, which is the case of the X-bond. Because the mσ
values are larger when a proper relativistic approach is used, we would expect stronger
intermolecular interaction for the relativistic calculations than for the nonrelativistic
ones. On the other hand, X-bond is a superposition of all interaction energy compo-
nents including e. g. notable dispersion contribution and often it is not the exclusive
interaction between the subsystems. The overall impact of SREs inclusion may thus
be slightly smeared on the level of total interaction energies.
We inspect the brominated complexes, whose interaction energies obtained for sev-
eral series of basis sets and SRE treatments are summarized in Figure 5. In general, the
intermolecular interactions are slightly stronger when calculated at relativistic level,
i. e. the relativistic interaction energies are more negative than the nonrelativistic ones.
The more positive relativistic σ-holes agree with this finding. For brominated com-
plexes, the SREs are in the order of about 5% (or 0.1 kcal/mol). A comparison within
(aug-)cc-pVXZ reveals that ∆E at pseudopotential level is a bit higher than at DKH
level, but still, the (relativistic) pseudopotential approach is closer to the reference
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Figure 6: The effect of basis set quality and relativity treatment on interaction energies
(∆E) of noncovalent complexes containing iodine. CP-corrected interaction energies extrap-
olated towards the CBS limit in nonrelativistic (gray), DKH-Hamiltonian optimized (red)
and pseudopotential (blue) basis sets using frozen-core approximation are compared, when-
ever possible.
(relativistic) DKH value than the nonrelativistic calculation.
The basis set has a stronger impact on ∆E than the SREs. The XZP basis sets
show the largest deviation from the rest of the results, regardless of the SREs inclusion,
while AXZP and aug-cc-pVXZ basis sets deliver similar results. The XZP-DKH is by
about 0.2–0.4 kcal/mol less negative than ANO-RCC (or aug-cc-pVXZ-DKH), which
is about twice as much as the difference from nonrelativistic XZP values. Note that
the basis-set size dependence of ∆E is damped by extrapolation towards CBS, so the
variations are attributable to the basis set quality, i. e. mostly (sufficient) presence of
diffuse basis functions.
For the iodinated complexes, the interaction energy plots are shown in Figure 6.
Only the XZP basis set allows assessing the SREs directly. For all three complexes, the
relativistic ∆E with XZP is always more negative than the nonrelativistic. Like in the
bromine case, the interaction between the monomers is stronger when the SREs are
taken into account. However, in complexes with iodine, the SREs are more pronounced
and increase to almost 23% (0.59 kcal/mol for PhI· · ·SHCH3).
Further, a more refined analysis is possible through ∆E values summarized in Ta-
bles S2 and S3. In the case of the smallest investigated system, F3CBr· · ·OCH2, we
provide a full comparison of the extrapolated interaction energies obtained using the
focal-point scheme (Eq. 1) and the ‘plain scheme’, where CCSD(T) energies are cal-
culated in quadruple-ζ basis sets. Deviations for the largest basis sets (AXZP and
aug-cc-pVXZ(-DKH/-PP)), for which the focal-point scheme is used to obtain bench-
mark ∆Es for larger complexes, are in the order of hundredths of kcal/mol. The
deviations are more pronounces in smaller basis sets (up to about 0.1 kcal/mol or 4%),
which is understandable, if we take into account insufficient basis set saturation of the
∆EX−1(CCSD(T)) term.
The extrapolated ∆Es for the bromine-containing species (Table S2) calculated in
aug-cc-pVXZ-DKH basis set with SREs inclusion using DKH Hamiltonian are consid-
ered as the benchmark in this work. Should we accept the monotonous character of
the ∆E convergence with the basis set size (or cardinality), aug-cc-pVXZ-type basis
sets exhibit slightly better saturation compared to ANO-RCC and AXZP basis sets.
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In the case of ANO-RCC basis sets this can be reasoned by a notably lower number of
basis functions (by almost 40%; 420, 726 and 724 for ANO-RCC quadruple-ζ contrac-
tion vs. 665, 1151 and 1169 for aug-cc-pVQZ for F3CBr· · ·OCH2, PheBr· · ·SHCH3,
and F3CBr· · ·C6H6, respectively), unlike in the case of AXZP basis sets, which have
even slightly more basis functions (by about 4 – 7%) than aug-cc-pVXZ basis sets.
Concerning the ways of SREs inclusion, the use of pseudopotential appears to be as
good choice as the use of DKH Hamiltonian, as their mutual difference in interaction
energies ranges between 0.03 – 0.06 kcal/mol.
Detailed analysis of the ∆Es for iodine-containing species (Table S3) is rather re-
stricted, due to the aforementioned limited availability of systematically optimized
basis set series for iodine. In this case, the most accurate ∆Es with SREs inclu-
sion using DKH Hamiltonian are obtained in ANO-RCC basis sets, which are notably
less saturated compared to aug-cc-pVXZ basis sets with pseudopotentials. The dif-
ferences between these two sets of results are, however, quite small ranging from zero
for F3CI· · ·OCH2 to 0.14 kcal/mol for F3CI· · ·C6H6. This comparison is even more
problematic due to the fact, that ANO-RCC results are obtained using full CCSD(T)
calculations, while the results in aug-cc-pVXZ-PP series are obtained using focal-point
scheme potentially introducing additional uncertainty. Nevertheless, the deviation from
the most accurate nonrelativistic results (obtained using AXZP basis sets) can still be
identified, particularly in the case of PheI· · ·SHCH3, where it reaches maximum of 0.45
kcal/mol (about 16%, decreases from 0.73 at double-ζ to 0.51 kcal/mol at quadruple-ζ
level).
4 Conclusions
In this work, we provide a detailed analysis of the impact of scalar relativistic effects on
properties of σ-hole and of X-bonds. By carrying out calculations in a series of system-
atically optimized basis sets we try to detach the effect of basis set incompleteness from
SREs, which turned out to be a challenging task, in particular for iodine-containing
species.
In general, the SREs are small for all investigated quantities of halogenated monomers
and X-bonded complexes. The magnitude of SREs is intuitively larger for iodine than
for bromine. For brominated complexes, the SREs are mostly negligible (<5%). SRE
treatment is essential for iodinated molecules/complexes, where the error brought by
the neglect of SREs may reach several tens of percent. Extrapolating the observations
to lighter halogens, we can conclude that using nonrelativistic approach for chlorine-
containing complexes is safe. For the heavier halogen astatine, which was recently
shown to participate in X-bonds,48 the SREs would probably be even higher than for
the iodine, so the proper SRE treatment would seem to be essential even for qualitative
studies.
We found that the magnitude of basis set effects on interaction energies and σ-
hole properties is on par to or even larger than SREs. The proper choice of basis set is
thus as critical as the ways of SRE treatment. Smaller double−ζ basis sets sometimes
performed better than triple-ζ basis sets perhaps due to error compensation, which
increases the motivation to use extrapolation to CBS.
Calculations with relativistic pseudopotentials delivered results similar to those
from all-electron calculations using relativistic Hamiltonian.
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Supplementary Information
Table S1: Number of eliminated basis functions due to linear dependence / total number of
AO basis functions for complexes containing iodine.
Complex Basis set X=D X=T X=Q
F3CI· · ·OCH2 AXZP
ANO-RCC-X
cc-pVXZ-PP
aug-cc-pVXZ-PP
PheI· · ·SHCH3 AXZP 2/346 10/687 203(1)/1216
ANO-RCC-X - - 2/742
cc-pVXZ-PP - - 1/781
aug-cc-pVXZ-PP 3/301 12/634 24/1150
F3CI· · ·C6H6 AXZP 2/358 11/703 33(2)/1231
ANO-RCC-X - - 3/740
cc-pVXZ-PP - - 1/797
aug-cc-pVXZ-PP 3/316 11/653 23/1168
linear dependence threshold [a.u.]: (1) 7,5.10−3; (2) 3,0.10−5
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Table S2: CCSD(T) interaction energies [kcal/mol] of complexes containing bromine. In-
teraction energies in parentheses are obtained using focal-point approximation according to
Eq. 1.
Complex Basis set CBS X=D X=T X=Q
F3CBr· · ·OCH2 XZP –2.65 (–2.78) –0.63 –1.35 –2.10
cc-pVXZ –2.92 (–2.79) –1.14 –1.92 –2.50
AXZP –3.04 (–2.98) –2.21 –2.57 –2.81
aug-cc-pVXZ –3.00 (–2.99) –2.37 –2.69 –2.87
XZP-DKH –2.79 (–2.92) –0.77 –1.52 –2.26
cc-pVXZ-DKH –3.06 (–2.93) –1.30 –2.07 –2.64
aug-cc-pVXZ-DKH –3.13 (–3.13) –2.53 –2.83 –3.01
ANO-RCC-X –3.14 (–3.15) –1.80 –2.54 –2.89
cc-pVXZ-PP –3.10 (–2.97) –1.36 –2.10 –2.68
aug-cc-pVXZ-PP –3.17 (–3.17) –2.54 –2.86 –3.04
PheBr· · ·SHCH3 XZP –1.94 –0.05 –0.63 –1.39
cc-pVXZ –2.24 –0.46 –1.22 –1.81
AXZP –2.22 –1.38 –1.87(a) –2.07(a)
XZP-DKH –2.06 –0.02 –0.77 –1.51
aug-cc-pVXZ –2.25 –1.59 –1.98(a) –2.13(a)
cc-pVXZ-DKH –2.35 –0.60 –1.34 –1.92
aug-cc-pVXZ-DKH –2.36 –1.72 –2.09(a) –2.25(a)
ANO-RCC-X –2.41 –0.72 –1.79 –2.15
cc-pVXZ-PP –2.38 –0.62 –1.37 –1.95
aug-cc-pVXZ-PP –2.39 –1.73 –2.13(a) –2.28(a)
F3CBr· · ·C6H6 XZP –2.84 –0.01 –1.10 –2.10
cc-pVXZ –3.03 –0.83 –1.96 –2.58
AXZP –2.99 –2.13 –2.76(a) –2.89(a)
aug-cc-pVXZ –3.02 –2.34 –2.80(a) –2.93(a)
XZP-DKH –2.96 –0.08 –1.20 –2.22
cc-pVXZ-DKH –3.11 –0.94 –2.06 –2.67
aug-cc-pVXZ-DKH –3.19 –2.43 –2.89(a) –3.06(a)
ANO-RCC-X –3.13 –1.59 –2.55 –2.88
cc-pVXZ-PP –3.13 –0.94 –2.09 –2.69
aug-cc-pVXZ-PP –3.13 –2.44 –2.91(a) –3.04(a)
(a) Energy calculated according to Eq. 1.
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Table S3: CCSD(T) interaction energies [kcal/mol] of complexes containing iodine.
Complex Basis set CBS X=D X=T X=Q
F3CI· · ·OCH2 XZP –2.86 –0.98 –2.08 –2.54
AXZP –4.09 –2.41 –2.93 –3.60
ANO-RCC-X –4.19 –2.20 –3.00 –3.69
XZP-DKH –3.42 –1.34 –2.38 –2.98
cc-pVXZ-PP –4.09 –1.97 –2.85 –3.57
aug-cc-pVXZ-PP –4.19 –3.33 –3.75 –4.00
PheI· · ·SHCH3 XZP –1.99 –0.89 –1.16 –1.64
AXZP –2.75 –1.54 –2.22(a) –2.53(a)
ANO-RCC-X –3.27 –0.66 –1.97 –2.72
XZP-DKH –2.58 –0.41 –1.48 –2.11
cc-pVXZ-PP –3.19 –0.97 –1.91 –2.65
aug-cc-pVXZ-PP –3.20 –2.27 –2.82(a) –3.04(a)
F3CI· · ·C6H6 XZP –2.85 –0.24 –2.02 –2.50
AXZP –3.65 –2.54 –3.44(a) –3.56(a)
ANO-RCC-X –4.14 –1.58 –2.82 –3.58
XZP-DKH –3.15 –0.55 –2.25 –2.77
cc-pVXZ-PP –3.98 –1.31 –2.72 –3.45
aug-cc-pVXZ-PP –4.00 –3.02 –3.71(a) –3.88(a)
(a) Energy calculated according to Eq. 1
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